Freshwater biodiversity is globally threatened due to human disturbances, but freshwater ecosystems have been accorded less protection than their terrestrial and marine counterparts. Few criteria exist for assessing the habitat integrity of rivers and data used for such assessments are generally of limited geographical coverage. Here, we use a fine-scale dataset describing river integrity in north-western South Africa to explore the extent to which measures of freshwater habitat integrity can be predicted from remotely sensed data, which are readily available in many parts of the world. A spatial statistical model was built using broad land-cover variables to predict the habitat integrity (subdivided into riparian and instream integrity) of rivers. We also explored the importance of the spatial scale. Results showed that riparian and, to a lesser degree, instream habitat integrity of river systems could be predicted with reasonable accuracy. The total area under natural vegetation was the most significant predictor of riparian integrity, which is best predicted by land-use activities at catchment level, rather than more locally. Our GIS-based model thus provides a fine-scale approach to assessing river habitat integrity as a supplement to landscape-level conservation plans for river systems, and represents a significant contribution towards the monitoring component of the River Health Programme (RHP), which reports on the state of rivers in South Africa.
Introduction
The conservation status of freshwater ecosystems worldwide is poor and declining fast, with rivers and wetlands among the most threatened of all ecosystems (Vitousek et al., 1997 , Revenga et al., 2000 as a result of severe alteration by human activity (Moyle and Williams, 1990; Jensen et al., 1993) . Although a comprehensive global assessment of the status of freshwater biodiversity is difficult to carry out (Revenga et al., 2000) , the few estimates that exist are cause for serious concern. About 30% of freshwater vertebrate species in the world have become extinct, threatened or endangered (World Conservation Union, 2000) . The situation is even more serious for other freshwater faunal groups (Abell, 2002) . The challenge to conservation biologists is to acknowledge the freshwater biodiversity crisis, and to focus research on topical issues. Current research does not seem to reflect adequate concern for this crisis (Abell, 2002) .
Despite their obvious importance and the seriousness of the threats they face, freshwater ecosystems remain poorly understood and inadequately represented in biodiversity assessments (Higgins, 2003) . One reason for the disparity between freshwater and terrestrial conservation planning is the lack of techniques for rapid assessment of the ecological/ habitat integrity of freshwater ecosystems. Such assessments are resource intensive, so there is a dearth of information on many freshwater ecosystems and those data that are available for conservation planning are often inadequate for fine-scale planning.
Definitions of river health and ecological integrity, and methods for their assessment, are still a subject of considerable debate (Wicklum and Davies, 1995; Norris and Norris, 1995; Norris and Thoms, 1999; Quigley et al., 2001) . Ecological integrity may be defined as 'the ability to support and maintain a balanced, integrated, adaptive community of organisms having a species composition, diversity, and functional organization comparable to that of natural habitat of the region ' (Angermeier and Karr, 1994) . However, these terms are used loosely in this study as its main focus is on the physical/habitat integrity of the river systems.
In South Africa, the status of freshwater ecosystems matches trends worldwide, recent assessments showing that 44% of the main stems of South Africa's rivers are critically endangered; main stems here refer to rivers of order 4 and above (Nel et al., 2004 . These statistics reflect the dire need to incorporate freshwater ecosystems into the mainstream conservation planning process. Assessment of freshwater ecosystems has focused todate on the main stem of rivers leaving out tributaries (e.g. the National Spatial Biodiversity Assessment, Nel et al., 2004) , even though most of these have been greatly transformed by human impacts. With the main stem of some of the rivers already seriously damaged, conservation attention could usefully focus on tributaries, although data on most of these is extremely limited for conservation planning. Fortunately for South Africa, relatively good geographical information systems (GIS) data are available on terrestrial biodiversity and land cover. Recent terrestrial conservation plans developed in South Africa, which use these data for systematic planning are probably the most detailed and explicit for any part of the developing world (Balmford, 2003) . The availability of this information presents an opportunity for freshwater systems too: if available fine-scale information on the ecological integrity of rivers can be predicted with reasonable confidence using remotely-sensed data, then in principle GIS data could be used to estimate freshwater integrity more widely, thus accelerating freshwater conservation planning. The development of techniques that use broad surrogates for assessing the habitat/ ecological integrity of freshwater ecosystems is critical for conservation planning.
The overall aim of the present study was to use available data on South African rivers to test the feasibility of GIS-based assessment of the ecological/habitat integrity of rivers. Specifically, the objectives were to:
• Develop a GIS-based model for predicting river habitat integrity • Establish the spatial scale at which GIS data best predict habitat integrity.
Methods

Study area
The Crocodile (West) and Marico Water Management Area (WMA) (Fig. 1) is one of 19 WMAs in South Africa. It covers an area of 4.7m. ha, forms part of the Limpopo River basin (which spans four countries -Botswana, Zimbabwe, South Africa and Mozambique), and includes South Africa's economic centre (e.g. Johannesburg and Pretoria). The climate of the area is semi-arid, so water demand is considerable, irrigation accounting for 37% and the rest being attributable to urban, industrial and mining needs (DWAF, 2004) . Agriculture is the most extensive land use, accounting for 53% of the area; other major economic activities include mining and light industries (DWAF, 2002b) . For the purposes of this study, the area was divided into 25 regions (hereafter referred to as 'catchments') ( Fig. 1) , which vary widely in area, average stream length, and stream order (Table 1 ). The delineation was based on 'Level 2' ecoregions (Roux, 1999) . Level 1 ecoregions were delineated on the basis of physiography, climate, geology, soils and potential natural vegetation (DWAF, 1999; Roux et al., 2002; Kleynhans et al., 2005) . The areas under Level 2 ecoregions are a refinement of Level 1 ecoregions and are based on variations in geology, natural vegetation and altitude, as well as expert knowledge of the rivers that flow through the planning domain (Kleynhans et al., 2005) . 
ecological integrity of the river systems
Data on the habitat/ecological integrity of the river systems in the study area were obtained from a previous study carried out for River Health Programme (RHP) as part of the state-of-rivers report (RHP, 2005) . The RHP is a national biomonitoring programme whose mandate is to assess and monitor the habitat/ecological integrity of riverine ecosystems in South Africa (Roux et al., 1999) . Ecological integrity of the river systems was assessed on the basis of the response of biota and the physical habitat integrity of the river systems from a set of reference conditions. Two indices were used to assess ecological integrity namely, the index of habitat integrity (IHI), for assessing physical habitat integrity (Kleynhans, 1996) , and the Fish Assemblage Integrity Index (FAII) for assessing biotic integrity (Kleynhans, 1999) . The lists of proxy variables used to build these indices are listed in Table 2 . Weights were assigned to each parameter by experts for their relative impact on habitat integrity, based on the experts' experience and on the literature. Each parameter was then assessed through field observations either at specific monitoring sites ( Fig. 1) or at the scale of catchments depending on the parameter. Following the field observations and assessments, a score (maximum value= 25) was assigned for each parameter, and the impact of the parameter on habitat integrity was calculated thus:
Impact of parameter on habitat integrity = Rating for the parameter
The impact of all the individual parameters were then summed up and expressed as a percentage and subtracted from 100 to arrive at an independent value of habitat integrity, which was also the value for riparian integrity. While instream ecological integrity was calculated as the average of instream habitat integrity derived in the above procedure and the biotic integrity derived using the Fish Assemblage Integrity Index (FAII). FAII measures the biotic integrity of river systems based on attributes of native fish (with the presence of alien fish reducing the score). The index is based on the relative intolerance of fish occurring in a given river segment, and four components were taken into consideration in estimating intolerance namely, habitat preferences and specialization, food preference and specialization, requirements for flowing water during different life stages and association with habitats with unmodified water quality. Refer to (Kleynhans, 1999) for a description of how the instream biotic integrity index was developed and its application. Assessments of fish biota were carried out at site-specific monitoring sites indicated in Fig. 1 . For reporting purposes, scores of river integrity (instream and riparian) were categorised by the RHP into the following bands: -A = (100); B = (80-99); C = (60-79); D = (40-59); E = (20-39); F = (0-19), (Kleynhans, 1996) . Category (A) represents a natural unmodified river system, while category (F) represents a very highly modified system with almost a complete loss of natural habitat.
Quantification of potential surrogates of freshwater habitat integrity
We chose a series of land-use variables that might be suitable predictors for assessing freshwater habitat integrity from the land cover map (CSIR 2005) and added separate GIS surfaces for human population density and the distribution of mines. A total of 14 variables, including the total area of each catchment were assessed for their ability to predict freshwater habitat integrity (Table 3 ). The land-use variables were derived by reclassifying the initial 49 land-use types from the land-cover map. For instance, we lumped all natural vegetation types together to form a single land-use type. Since the study was on water bodies they were excluded from the list of land-use variables used as predictors. This reclassification was necessary so as to avoid too many independent variables for subsequent modelling. Because river integrity may be influenced not only by local conditions but also by more distant patterns of land use (e.g. Allan et al., 1997), we attempted to predict river integrity scores using land-use data compiled across a range of distances from the river in question. Riparian strips were 'created' on both sides of the river, and along its entire length in the catchment, to capture land use up to 100 m, 500 m, 1 000 m, 2 000 m and 3 000 m from the river of interest, using Arcview 3.2a and ArcInfo (ESRI, Redlands, CA). This choice of strip sizes was arbitrary. Land-use variables (e.g. the extent of natural vegetation) were summarised within each riparian strip. We also compiled catchment-wide summaries of land use, so that together with the riparian strips, analyses were carried out at six spatial scales (100 m, 500 m, 1 000 m, 2 000 m, 3 000 m and entire catchment).
The model
We derived models predicting river habitat integrity using data on 22 of the 25 catchments because insufficient data were available for the other three. We chose to use generalized linear models (GLMs; Chambers and Hastie, 1992) to predict integrity scores because we were looking for simple relationships and also because, given our small sample of catchments, we wanted to avoid over-fitting our models and thereby limiting their broader applicability (Vanderpoorten et al., 2005) . With more data, generalized additive models could have been more suitable. We assessed the potential surrogates of riparian and instream integrity independently of each other, using riparian and the instream integrity scores as dependent variables in a series of GLMs.
Fitting the model
We built six GLMs, one for each of the different spatial scales, in S-Plus software (Mathsoft, 1999) using GLM with Poisson error distribution (link function = log (mμ), variance = mμ), because we were using non-negative variables (Crawley, 1993) . Due to limited sample sizes we constrained the models in various ways. No attempt was made to mix the spatial scales at which predictor variables were measured within a given model (i.e. the same model did not include land-use variables derived from, for instance, both 100 m and 500 m riparian strips). We also did not consider any possible interactions between the various predictor variables, even though it is possible that the magnitude of the effect of one variable on river integrity may depend on the effect of other variables (Chambers and Hastie, 1999) . Interactions could result in over-fitting the model, and they are difficult to interpret.
In all instances where the model output contained several predictors, we limited the number to the four best explanatory variables; based on Akaike Information Criterion (AIC) scores (Akaike, 1974) . The maximum number of parameters used in the model was limited to four due to the small sample size, and to facilitate the comparison between competing explanatory models compiled at different spatial scales.
Testing the accuracy of the models
To quantify the predictive power of each model, r 2 values were calculated. We also assessed how the catchments' integrity categories (A to F) predicted by each model compared to those assigned by the River Health Programme using the index of habitat integrity (Kleynhans, 1996) .
Results
Overall predictive power of the models
Modelling riparian and instream integrity in the 22 catchments of the study area revealed that riparian integrity ( Fig. 2a ; Table  4 ) could be predicted more accurately than instream integrity ( Fig. 2b ; Table 5 ). Both aspects of integrity were better predicted by land use measured over the entire catchment (for riparian: r 2 = 0.79; for instream: r 2 = 0.68) than along riparian strips (e.g. 100m for both riparian and instream integrity: r 2 = 0.5) ( Tables  4 and 5 ).
Most important variables for predicting river integrity
The relative extent of cover by natural vegetation was the single most powerful land-use variable for predicting riparian integrity scores, with positive correlations emerging in all analysis (Table 4) . Another important and independent predictor was 
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the number of mines in the vicinity of the catchment. With the exception of the model based on riparian strip nearest the river (100m), all models featured the number of mines as a significant negative predictor of riparian integrity. Interestingly, the number of mines appears to be more important than the relative area occupied by mining activities. Other land-use variables that predict riparian integrity, but only at specific spatial scales, included the relative extent of degraded areas, areas occupied by mines, areas supporting rural dwellings, and eroded areas (Table 4) . Rather surprisingly, the density of roads, the proportions of area under cultivation and plantation, and the relative extent of dams, industry, eroded areas, and built-up residential or commercial areas were not important predictors of riparian integrity, although this might be related to the scale of the assessment (Table 4) .
The most significant predictors for instream integrity were not very different from those for riparian integrity. For all but the 100 m and 1 000 m buffer analysis, cover by natural vegetation was again the key determinant of instream integrity (Table  5 ). The relative extents of plantations, of rural dwellings, and of industrial (industries) developments were also found to be significant predictors of instream integrity at most scales, while the relative area of mines, population density and the density of dams were important only at larger scales (Table 5 ). The relative extent of cultivated lands, road density, and the total area of the catchment did not feature as significant predictors of instream integrity (Table 5) .
Model application for state of the rivers (SOR) reporting
Modelled integrity values generally fall into the same category of ecological integrity as those provided in the River Health Programme report, riparian integrity having an accuracy of 77%, relative to measured RHP scores. Incorrect predictions are either overestimated or underestimated mostly by only a single class (Fig. 3) . The accuracy of prediction of the appropriate cat- egory for instream integrity was much lower than for riparian integrity, with a score of 58 %. Accuracy was calculated as the percentage of those catchments whose predicted integrity score falls in the same category as the measured integrity (Fig. 3) .
Discussion
The analyses suggest that both riparian and, to a lesser extent instream integrity can be predicted with reasonable accuracy using a series of widely available variables representing land use, settlement, and infrastructure. Riparian integrity was predicted more accurately than instream integrity, probably because riparian integrity is primarily a reflection of physical characteristics such as bank condition and the extent and type of vegetation cover of the riparian zone and also of adjacent land. In contrast, land-use data are relatively poor predictors of instream integrity, which in large part is linked to the structure of the biotic community of the river, itself only indirectly impacted by adjacent land use. Natural vegetation cover was the most important predictor of both riparian and instream integrity. This was not surprising because natural vegetation may regulate stream processes like erosion (Berkman and Rabeni, 1987) and sediment transport (Osborne and Kovacic, 1993) , and thus channel morphology (Naiman et al., 1993) . In the absence of other data on the state of a river, assessing the natural vegetation cover alone can provide a fairly reasonable prediction of integrity. Such assessments are very useful for purposes of prioritising river systems for conservation interventions and for monitoring progress towards achieving the millennium development goals. Other potential predictors like density of the road network, and the relative coverage of dams, industries, eroded areas and cultivated lands, did not predict river integrity. Poor correlations between these measures and the ecological integrity indices used in this study suggest that they are not necessarily the best broad surrogates for predicting river integrity, even though they are widely recognised (e.g. Roth et al., 1996; Quigley et al., 2001; Higgins, 2003) as major modifiers of rivers.
The influence of land use on river integrity is known to be scale-dependent (e.g. Allan et al., 1997; Sponseller et al., 2001; Morely and Karr, 2002) , and this was found to be the case here, in that land use at the catchment level provided the best prediction of overall river integrity. Instream processes, such as the input of organic matter, may depend on local vegetation cover, while nutrient supply, channel characteristics and hydrology are influenced by activities at the catchment scale. The fact that some potential predictors were useful in predicting integrity only at specific spatial scales may imply that the scale of analyses also affects individual predictors.
It would be useful to validate the models developed in this study using a larger sample of field-based data, spanning a broad range of ecological and land-use conditions. The field-based data could then be divided into suitably-sized calibration and validation datasets, to test the robustness of this approach. However, at present the models have not been validated against such an independent dataset, because the sample sizes were not large enough, which could have made the validation of the models difficult (Stockwell and Peterson, 2002) .
It should be emphasised that predictive modelling cannot replace field-based surveys, (Roth et al., 1996) . However, with advances in GIS technology and increasing focus on landscapescale conservation planning, predictive modelling may play a vital role in bridging the gap when planning for the conservation of both terrestrial and aquatic ecosystems.
